Introduction
Environmental chromium (Cr) contamination is ubiquitous. Cr is widely used in the chemical industry, artistic paints, anticorrosion paints, electroplating and stainless steel welding (1, 2) . Cigarette smoke is also rich in Cr content (2, 3) . Although Cr (III) is unable to penetrate human cells and thus Cr(III) exposure does not pose a health danger, Cr(VI) exposure, in contrast, causes cell transformation, chromosomal aberration and sister-chromatid exchange (3, (4) (5) (6) (7) (8) (9) (10) (11) (12) . It has been proposed that upon uptake by cells Cr(VI) is sequentially reduced to Cr(V), Cr(IV) and finally Cr(III) by various cellular reducing agents (13) . Intracellular Cr(III) then forms covalent bonds with various amino acids, ascorbic acids and glutathiones (9, 14) . Intracellular Cr(III) and ligand-conjugated Cr(III) can form covalent binary and ternary DNA adducts in genomic DNA; these binary and ternary Cr(III)-DNA adducts have been shown to have different mutagenic potencies, with ternary Cr(III)-ligand-DNA adducts being much more potent than binary DNA adducts (10) . Cr(III) is also able to bind to phosphate groups in the DNA backbone through electrostatic interactions, although the frequency and the effects of this binding remain unclear.
Cr(VI)-containing compounds are well-known carcinogens in both humans and animal models (3) . It has been shown that the lower respiratory tract is the target organ of Cr(VI) compound exposure (3, (4) (5) (6) (7) , and it has been reported that the lung cancer morbidity rate for ex-chromate workers with !9 years of exposure is 420 times higher than that of non-smokers (15) . The underlying mechanisms of how chromate exposure enhances lung carcinogenesis remain unclear. One possible mechanism is that mutations induced by Cr(III)-DNA adducts initiate lung carcinogenesis.
More than 50% of lung cancers have been found to contain a mutation in the p53 gene, and the remaining lung cancers frequently have dysfunctional genes either upstream or downstream of the p53 gene (16, 17) . These findings strongly suggest that the p53 gene plays a crucial role in lung carcinogenesis. Moreover, the p53 mutational spectrum in lung cancer has been found to closely mirror the binding spectrum of lung cancer etiological agents (18, 19) . It has been reported that mutations in the p53 gene in lung cancers from workers with Cr(VI) exposure are concentrated in the coding strand of exons 7 and 8 (20, 21) . Thus in order to elucidate the role of Cr(III)-DNA adduct formation in lung carcinogenesis it is crucial to map Cr(III)-DNA adduct distribution at the nucleotide level in the p53 gene.
It has been well established that nucleotide excision repair (NER) is the major mechanism for the repair of bulky DNA damage in both mammalian and Escherichia coli cells (22, 23) . In E.coli cells the repair of bulky DNA damage is carried out by the concerted work of three gene productsUvrA, UvrB and UvrC-which recognize and subsequently incise the damage (22, 23) . We have found that in vitro these three proteins together (termed as UvrABC nuclease) can incise bulky DNA damage specifically and quantitatively, and we have successfully used the UvrABC nuclease incision method to identify the DNA-binding sequence specificity of bulky carcinogens such as benzo[a]pyrene diol epoxides (BPDE), 2-acetylaminofluorene, 4-hydroxy-aminobiphenols, trans-4-hydroxy-2-nonenals and mitomycin C (24) (25) (26) (27) (28) . In this study we have used the UvrABC nuclease incision method to determine both the DNA-binding specificity of Cr(III) and histidine(His)-conjugated Cr(III) in the PCR-amplified p53 gene. 
Materials and methods

Materials
Purification of UvrA, UvrB and UvrC proteins
The UvrA, UvrB and UvrC proteins were isolated from the E coli K12 strain CSR603, which carried plasmids pUNC 45 (UvrA), pUN211(UvrB) or pDR3274 (UvrC) (32) . These plasmids and the strain were kindly provided by Dr A. Sancar, University of North Carolina, Chapel Hill, NC. The purification procedures were the same as previously described (33) .
UvrABC incision assay of plasmid and DNA fragments UvrABC reactions were carried out at 37 C for 60 min in a reaction mixture containing 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 1 mM ATP, 0.1 mM DTT, 100 mM KCl, 15 nM of UvrA, UvrB and UvrC and substrate plasmids (100 ng) in a final volume of 50 ml. The reaction was stopped by addition of 10 ml of a solution containing 40% (w/v) sucrose, 1% SDS and 0.25% BPB and heating at 65 C for 5 min. The resultant DNAs were separated by electrophoresis in a 1% agarose gel in TAE buffer [40 mM Tris-acetate (pH 8.0), 1 mM EDTA] at 2.7 V/cm for 3 h. The gel was stained with 0.5 mg/ml ethidium bromide to visualize supercoiled and nicked plasmids. The relative amounts of the two plasmid forms were measured using the Chemi Imager (Alpha Innotech).
When 5 0 end-32 P-labeled exon 5, 7 and 8 (1 Â 10 5 c.p.m.) DNA fragments were used as substrates, UvrABC reaction conditions were the same except that 120 nM of UvrA, UvrB, and UvrC were used. The reactions were stopped by phenol and ether extractions and ethanol precipitation. The precipitated DNA fragments were dissolved in a denaturing dye mixture containing 95% formamide, 0.25% bromophenol blue and 0.25% xylene cyanol and heated at 90 C for 5 min. The resulting DNA was separated by electrophoresis at 40 V/cm in an 8% (w/v) polyacrylamide sequencing gel containing 45% (w/v) urea in TBE buffer in parallel with Maxam and Gilbert sequencing reaction products (34) . After electrophoresis, the gel was dried using a Bio-Rad gel dryer and exposed to Kodak X-Dmat RP film at À70 C. Band intensity in the autoradiogram was quantified by Chemi Imager. RI (relative intensity) of the bands was calculated by RI ¼ I j /I max , where I j is the intensity of each bands and I max is the highest intensity of the bands in the autoradiogram.
Results
UvrABC nuclease is able to incise Cr(III)-and histidineconjugated Cr(III)-modified plasmid DNA It is well established that the NER enzyme UvrABC nuclease is able to recognize and incise a variety of bulky chemical carcinogen-induced DNA damage, including various forms of cis-platinum-DNA adducts, with a dual incision mode 7 nt 5 0 to and 4 nt 3 0 to the DNA adduct (35) . These findings raise the possibility that the UvrABC nuclease is able to incise Cr(III)-DNA adducts, and that the incision can be used to identify the Cr(III)-DNA binding position. To test this possibility we modified supercoiled pGEM-APRT plasmid DNA with different concentrations of CrCl 3 or histidine-conjugated Cr(III) and used these modified DNA as substrates for UvrABC nuclease incision. Results in Figure 1 method to identify the Cr(III)-DNA binding position in the human p53 gene sequence. We found that bulky DNA adduct formation is mostly affected by primary DNA sequence and, if the binding is at a CpG site, by C5 cytosine methylation at CpG sequences (18, 19, 25, 26) . Therefore, we chose to use purified PCR-synthesized DNA fragments that would allow us to address these two possibilities. Single 5 0 end-32 P-labeled exons 5, 7 and 8 of p53 gene fragments were prepared by PCR; these fragments were modified with different concentrations of CrCl 3 , and then reacted with UvrABC nucleases. The enzyme incision positions were identified by comparing the electrophoretic mobility of the incised fragments to Maxam and Gilbert sequencing reaction ladders. Results in Figure 3 A-C show that while the UvrABC nuclease does not produce specific incision bands in unmodified DNA fragments, it incises Cr(III)-modified fragments with specificity and the extent of incision is proportional to the concentrations of CrCl 3 used for the modifications. It is well established that UvrABC nuclease consistently incises bulky DNA damage 6-8 nt 5 0 to and 3-4 nt 3 0 to a DNA adduct (22) (23) (24) . If we assume that the mode of UvrABC nuclease incision on a Cr(III)-DNA adduct is consistent with its mode of incision for other bulky DNA adducts (i.e. 7 nt 5 0 to a DNA adduct), then the positions of Cr(III)-DNA adducts formed in exon 5 of the p53 gene fragment are: 1(TGG), 2(TGG), 3(GGG), 4(NGGT), 5(CGG), 6(NGG), 7(CGC), 8(TGG) and 9(NGG). Eight out of the nine Cr(III)-adducted guanine residues are located at the first or second guanine of a NGG triplet sequences, and one is located at a CGC sequence. Those guanine residues in the triplet sequences identified as 1, 2-3, 4, 5-6, 7, 8 and 9 are located in codons, 137, 146, 147, 154, 158, 160 and 161, respectively ( Figures 3A and 4A) . Figures 3C and 4C) .
The extent of Cr(III)-guanine adduct formation at these sequences is presented in Figure 4A -C. Altogether 37 Cr(III) binding sites were identified in exons 5, 7 and 8 of the p53 gene; 30 of these binding sites were in NGG triplet sequences. These results suggest that guanines in NGG triplet sequences are preferable binding sites for Cr(III), with GGG sequences being the most preferable site for Cr(III) binding.
Sequence specificity of Cr(III)-His-DNA adduct formation in the p53 gene It has been found that most of intracellular Cr(III) is conjugated with various amino acids, glutathiones, and ascorbic acids (9, 14) . The majority of the Cr(III)-DNA adducts found in genomic DNA are ternary ligand-Cr(III)-DNA adducts, and a minority are binary Cr(III)-DNA adducts (9, 14) . The ligand conjugated with Cr(III) may affect the Cr (III) binding sequence specificity. To test this possibility we modified p53 DNA fragments with histidine-conjugated Cr(III) and then identified the Cr(III)-His binding sequences by the UvrABC incision method. Results in Figure 5A -C show that the UvrABC nuclease incises Cr(III)-His modified DNA in the same manner as Cr(III)-modified DNA, indicating that ligand-conjugated Cr(III) has the same DNA-binding sequence specificity as Cr(III); i.e. NGG is the preferential site for Cr(III)-His-DNA adduct formation, with GGG sequences being the most preferable site for Cr(III) binding. 
Discussion
It has long been recognized that the UvrABC nuclease is able to incise DNA damage induced by a variety of agents, ranging from DNA helix-stabilizing agents such as CC-1065 and anthramycin to helix-destabilizing agents such as UV, BPDE and cis-platinum (36) (37) (38) (39) . Although the precise mechanisms that enable this repair enzyme system to possess such versatility remain unclear, this system have been widely used for identifying the DNA-binding sequence specificity of many carcinogens and drugs (24, 27) . In this study we found that UvrABC is able to incise Cr(III)-and Cr(III)-His-modified plasmids, and the level of incision is proportional to the Cr(III) and Cr(III)-His concentrations used for modification. These results suggest that the amount of incision represents the amount of Cr(III)-and Cr(III)-His-DNA adducts formed in the plasmid enzyme system. We also found that the number of UvrABC incisions in Cr(III)-His-modified plasmids is the same as the number of Cr(III)-3 H-His-DNA adducts in the plasmid (data not shown). These results indicate that the sequences we identified by the UvrABC incision method are indeed the Cr(III)-His binding sites and that the preferential binding sites are NGG sequences. In addition, our results also suggest that the major adducts formed by modification of DNA with Cr(III)-His are Cr(III)-His-guanine adducts since it is unlikely that UvrABC incision would have sequence specificity if the adducts formed at the phosphate backbone.
Intriguingly, much higher concentrations of Cr(III) (3 mM) than Cr(III)-His (0.5 mM) are needed for plasmid modification to reach plateau levels of UvrABC incision (1.2-1.4 incision). It is reasonable to assume that Cr(III) has a higher binding affinity toward DNA than Cr(III)-His because water molecules in a Cr(III)-water complex are a better leaving group than His in a Cr(III)-His complex. It has been found that Cr(III) binds to both guanine residues and phosphate groups in DNA (40); if we assume that CrCl 3 generates the same amount of or more DNA adducts than the same concentration of Cr(III)-His, our results then raise the possibilities that: (i) the UvrABC nuclease incises only a particular class of DNA adducts, most likely the Cr(III)-guanine adduct, and (ii) that Cr(III)-phosphate backbone binding may interfere with UvrABC nuclease incision on Cr(III)-guanine adducts. While we are unclear on the exact structure of Cr(III)-guanine-DNA adducts that is recognized by UvrABC nuclease, we believe that because the histidine moiety of the Cr(III)-His-guanine adduct can partially insert into the DNA helix, causing base unstacking and a substantial degree of helix distortion, thereby allowing the UvrABC nuclease to efficiently recognize this type of adduct.
The reason for both Cr(III) and Cr(III)-His preferentially binding at -NGG-sequences is not clear. It has been found that GGG and GG sequences are much more nucleophilic than other sequences, and we found that the two strongest Cr(III)-binding sites are GGG sequences in exons 5 and 8 of the p53 gene. Therefore, it appears that the nucleophilicity of the sequences does indeed play an important role in Cr(III)-DNA binding (41, 42) . However, we also found Cr(III) binds much more strongly at an AGG sequence in codon 261 than at GGG sequences in codons 243 and 244 of exon 7. Furthermore, in exon 8, Cr(III) barely binds at a GGG sequence in exon 279, an AGG sequence in codons 285 and 286, and a CGG sequence in codon 282 of exon 8. Together these results suggest factor(s) other than nucleophilicity also play an important role in determining susceptibility to Cr(III) binding. Since Cr(III) has six binding sites that are able to interact with DNA, we suggest that Cr(III) and Cr(III)-His are able to form stable chelate adducts at NGG sequences. The possible structures of these adducts are presented in Figure 6 . It has been well established that individuals exposed to chromium have a high incidence of lung cancer, and most chromate factory workers who develop lung cancer were also cigarette smokers (3, 6, 7) . Hence, it has been suggested that chromium exposure and cigarette smoke may have a synergistic or additive effect in inducing lung carcinogenesis (43) . Consistent with this notion are our findings that Cr(III) and ligand-conjugated Cr(III) preferentially bind to NGG sequences, which include codons 245, 248 and 249 of the p53 gene, the mutational hotspots in cigarette smoke-related lung cancer. This DNA binding may contribute to chromiumrelated lung cancer. We previously found that polycyclic aromatic hydrocarbons (PAHs), the major carcinogen found in cigarette smoke, bind to all the p53 mutational hotspots that contain a -CG sequence in lung cancer; however, we also found that codon 249 (AGG) is not a preferential site for PAH binding, nor does the repair of PAH-DNA adducts formed at this codon differ from other codons (18, 19, 44) . Cigarette smoke contains substantial amounts of chromium compounds, although the chemical forms of these chromium compounds are not known (45) . Our finding that Cr(III) and Cr(III)-His bind strongly at codon 249 suggest that the etiological agent for lung cancer with codon 249 mutations is Cr(III). It should be noted that 55% of the codon 249 mutations found in cigarette smoke-related lung cancer are at the second base and 32% are at the third base of this codon; however, our results show that Cr(III) binds at the second base two times more frequently than at the third base of this codon (46). It is possible that the Cr(III)-DNA adducts formed at the second and third bases of this codon are repaired with different efficiencies and/or that they affect the fidelity of DNA replication differently.
We have recently found that the NER capacity is greatly reduced in lung cells exposed to Cr(VI); consequently, Figure 3 were scanned and quantified using a Chemi Imager. The relative intensity (RI) of each band in the autoradiograms was calculated as described in Materials and methods. Codon numbers involving Cr(III)-modified guanines are depicted on the bottom of the panel.
Cr(III)-DNA adduct formation in the p53 gene exposure of these cells to DNA damaging agents such as BPDE results in a synergistic increase in mutations (47) . These results, together with the results from the present study, suggest that chromium treatment induces two detrimental effects in cells: damaging DNA and reducing DNA repair capacity, and these two effects may contribute to chromium-related mutagenicity and carcinogenicity. 
